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ABSTRACT
There has been increasing awareness of the importance of three-dimensional
culture of cancer cells. Tumor cells growing as multicellular spheroids in threedimensional culture, alternatively called organoids, are widely believed to more
closely mimic solid tumors in situ. Previous studies concluded that the Wnt/β-catenin
pathway is required for regeneration of the normal urothelium after injury and that
β-catenin is upregulated in human bladder cancers, but no clear evidence has been
advanced to support the idea that the Wnt/β-catenin pathway is directly involved
in deregulated proliferation and the other malignant characteristics of bladder
cancer cells. Here we report that the Wnt/β-catenin pathway activator, CHIR99021,
promoted proliferation of established human bladder cancer cell lines when they
were grown in organoid culture but not when they were grown in conventional
adherent cultures. CHIR99021 activated Wnt/β-catenin pathway in bladder cancer
cell lines in organoid culture. CHIR99021 also stimulated proliferation and the
Wnt/b-catenin pathway in primary human bladder cancer organoids. RNAi-mediated
knockdown of β-catenin blocked growth of organoids. The effects of CHIR99021
were associated with decreased expression of the urothelial terminal differentiation
marker, cytokeratin 20. Our data suggest that the Wnt/β-catenin pathway is required
for the proliferation of bladder cancer cells in three-dimensional organoid culture
and provide a concrete example of why organoid culture is important for cancer
research.

INTRODUCTION

with prognosis as well as response to systemic therapy
[6–10], providing insight into the molecular heterogeneity
of the disease and candidate therapeutic targets for clinical
intervention [6–10].
Targetable mechanisms required for cancer growth
can also be revealed by examining the similarities
between cancer and its normal benign tissue of origin
[11, 12]. Signaling pathways, cellular responses to the
microenvironment, differentiation process, and cellular
migration are commonly shared by both cancers and
normal tissues. Putative cancer stem cells and normal
tissue stem cells are also phenotypically similar and

Bladder cancer is the 9th most common cancer
worldwide [1]. In the United States, 79000 new cases
and 17000 cancer deaths were estimated to have occurred
in 2017 [2]. Approximately 75% of the patients are
diagnosed with non-muscle invasive bladder cancer,
which is not immediately life-threatening but frequently
recurs, whereas muscle invasive bladder cancer progresses
rapidly and poses a significant risk of mortality [3–5].
Recent advances in the molecular characterization of
bladder cancer deciphered intrinsic subtypes associated
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are both endowed with self-renewal potential and the
capacity for differentiation, creating hierarchically
organized tissues [13, 14]. Among such shared properties,
the Wnt pathway, which governs stem cell behavior in
normal tissue, has also been implicated in pathogenesis
of malignant tumors [11, 15]. Of particular importance
is the canonical Wnt pathway, which acts in large part
via the transcriptional co-activator, β-catenin [15]. The
canonical Wnt/β-catenin pathway is active when β-catenin
is hypophosphorylated, which allows β-catenin to escape
proteosomal degradation, accumulate, and translocate
to the nucleus, where it interacts with co-transcriptional
factors to activate Wnt target genes [16].
With respect to the normal bladder, the Wnt/βcatenin pathway was reported to be required for
regeneration of the normal urothelium after injury in
mice [17, 18]. Thus, it seems likely that the Wnt/βcatenin pathway should also be involved in pathogenesis
of bladder cancer. Indeed, β-catenin was shown to be
upregulated in human bladder cancer specimens as
compared to normal urothelium [19–21]. Transgenic mice,
which overexpressed β-catenin under the promoter of
uroplakin II developed benign hyperplasia in urothelium
[19]. Although preceding studies have indirectly suggested
the involvement of Wnt/β-catenin pathway in malignant
behavior of bladder cancer cells [21–23], whether or not
the pathway plays a central role in proliferation in bladder
cancer cells is still unclear.
There has been increasing awareness of the
importance of three-dimensional culture for capturing
critical biological properties in cancer cells maintained
ex vivo. More specifically, multicellular spheroids, or
“organoids”, are thought to more closely mimic solid
tumors with regard to cell-cell interactions, hypoxia, drug
penetration, and nutrition gradients [24, 25]. Organoids
generated from cancer cell lines alter their molecular
phenotypes and sensitivity to drugs compared to their
parental cells grown in conventional adherent culture
[26–28]. Our group also found that organoids generated
from bladder cancer cell lines had increased expression of
∆Np63α, a transcription factor that appears to be important
for regulating “stemness” in a variety of epithelial tissues
[29]. Thus, we hypothesized that organoids derived from
bladder cancer cells might also exhibit differences in the
expression of other stem cell pathways as compared to the
same cells maintained in adherent culture.
In this study we compared the effects of the
Wnt/β-catenin pathway activator, CHIR99021 (CHIR),
on proliferation in established bladder cancer cell
lines maintained in organoid culture or standard twodimensional adherent cultures, and we also characterized
the effects of CHIR on proliferation and pathway
activation in primary patient-derived organoids. The
results reveal that three-dimensional culture is required for
Wnt/β-catenin pathway-mediated proliferation in bladder
cancer cells.
www.impactjournals.com/oncotarget

CHIR suppresses proliferation of bladder cancer
cell lines in conventional adherent culture, but
increases proliferation in three-dimensional
organoid culture
In order to assess the effects of Wnt/β-catenin
pathway activation on proliferation, we used the small
molecule CHIR, a Wnt/β-catenin pathway activator
[30, 31]. CHIR can activate Wnt/β-catenin pathway by
inhibiting GSK3 and subsequent phosphorylation and
degradation of β-catenin [30]. RT4 and 5637 were selected
to test as representative luminal and basal bladder cancer
cell lines based on recent identification of molecular
subtypes of human bladder cancer, respectively [7, 32].
When RT4 and 5637 were treated with DMSO or CHIR in
conventional adherent culture, CHIR exhibited suppressive
effects on proliferation in a dose-dependent manner
(Figure 1A). In a previous study, we found that bladder
cancer cells changed their molecular phenotypes when
they were cultured as organoids in suspension [29]. We
hypothesized that they could also change their functional
phenotypes, and tested the effect of CHIR on organoid
growth patterns. When RT4 was cultured as organoids, they
grew over time and this growth was enhanced by CHIR
treatment, although the highest dose was not beneficial to
the growth of the organoids (Figure 1B, 1C). Interestingly,
5637-derived organoids could not grow over time without
stimulation even though 5637 can proliferate more rapidly
than RT4 in adherent culture (Figure 1B, 1C). However,
as was seen in RT4-derived organoids, the growth of
5637-derived organoids was induced by CHIR treatment
and the highest dose caused disorganization of the organoids
(Figure 1B, 1C). Incorporation of propidium iodide in cells
drastically increased in organoids treated with 10 µM of
CHIR, while only a few cells incorporated propidium iodide
with lower concentration of CHIR, indicating CHIR at high
dose induced cell death (Supplementary Figure 1). When the
viability of cells was measured by the amount of ATP, the
values increased with the concentration of CHIR except for
the highest dose, corresponding to the results of the growth
assay (Figure 1D). The ATP value correlated with the area
of organoids (Supplementary Figure 2). These indicated that
the growth of organoids was paralleled with proliferation
of bladder cancer cells. Taken together, the data show that
CHIR promoted the proliferation of both bladder cancer cell
lines within a certain range of concentrations in organoid
cultures but not in conventional adherent cultures.

CHIR activates the Wnt/β-catenin pathway in
bladder cancer lines in organoid culture
Next, we investigated whether the Wnt/β-catenin
pathway was activated following CHIR treatment in
bladder cancer cell lines in organoid culture. AXIN2,
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which is a gene that is induced following activation of
the Wnt/β-catenin pathway [30, 31], was significantly
upregulated by CHIR treatment in RT4- and 5637-derived
organoids compared to DMSO-treated control (Figure
2A, Supplementary Figure 3). Notably, AXIN2 was also
upregulated over time even without CHIR treatment in both
RT4- and 5637-derived organoids (Figure 2A). To confirm
activation of Wnt/β-catenin pathway at a protein level,
western blotting analysis for β-catenin was conducted [30,
31]. Immnoblots confirmed that CHIR treatment increased
the amount of β-catenin in both cytoplasm and nucleus
of RT4- and 5637-derived organoids (Figure 2B). CHIR
treatment also upregulated AXIN2 expression and increased
the amount of β-catenin in RT4 and 5637 in adherent culture
(Supplementary Figure 4). Collectively, these data indicated
that the Wnt/β-catenin pathway was activated by CHIR
treatment in bladder cancer cell lines in both adherent and
organoid cultures.

they consequently lose some of the original characteristics
of the tumors they were derived from [33]. Thus, we
prepared organoids from surgically resected primary human
bladder tumors using the CTOS method to evaluate the
effects of the Wnt/β-catenin activator in minimally selected
cancer cells. The CTOS method enables preparation of
organoids, which consist of highly purified cancer cells and
retain characteristics of the original tumor [34–36]. When
primary organoids were treated with CHIR, their growth
rates were significantly greater than DMSO-treated controls
in 3 out of 4 samples examined (Figure 3A, 3B). Even in the
one (BCa #02), which did not show a significant difference,
several organoids could grow more in response to CHIR
than control (Figure 3B). We observed more variability
among primary organoids than RT4- and 5637-derived
organoids in terms of growth (Figure 1C, 3B), indicating
the presence of heterogeneity within primary tissue. The
amount of ATP was also significantly elevated in CHIRtreated organoids compared to DMSO-treated control
(Figure 3C), and the ATP value correlated with the area
of organoids (Supplementary Figure 5), suggesting that
the growth of primary organoids was concurrent with
proliferation of cancer cells. In aggregate, CHIR also
enhanced proliferation of primary bladder cancer cells in
organoid culture.

CHIR99021 enhances proliferation of primary
human bladder cancer cells with activation of
Wnt/β-catenin pathway in organoid culture
Immortalized cancer cell lines are highly selected cell
populations that have been cultured for years ex vivo, and

Figure 1: CHIR inhibits proliferation of bladder cancer cell lines in adherent culture but promotes proliferation in
organoid culture. (A) Dose-response curves of CHIR on proliferation of RT4 and 5637 for the indicated duration. (B) Representative
images of RT4- and 5637-derived organoids at day 1 and day 6 treated with DMSO or CHIR of the indicated concentration. Scale bar,
100 µm. (C) Relative growth of organoids was calculated by dividing area at day 6 by that at day 1, and depicted in the plot. (D) Viability
of organoids was measured by quantifying the amount of ATP, and depicted in the plot. Each dot represents relative growth or viability of
one organoid. ****P ≤ 0.0001.
www.impactjournals.com/oncotarget
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We also investigated status of Wnt/β-catenin
pathway in primary organoids treated with CHIR.
AXIN2 expression did not change over time with DMSO
treatment but was significantly upregulated with CHIR
treatment in primary organoids prepared from BCa
#04 (Figure 3D). Analysis of 3 pooled patient samples
confirmed upregulation of AXIN2 expression with CHIR
treatment in primary organoids (Figure 3E). Whole mount
staining of organoids demonstrated increased expression of
β-catenin in cytoplasm and translocation of β-catenin into
nuclei in primary organoids treated with CHIR (Figure 3F).
Collectively, the data confirm that CHIR activated the
Wnt/β-catenin pathway in primary bladder cancer cells in
organoid culture.

(Figure 4E, 4F). Similarly, pharmaceutical inhibition
of the β-catenin-mediated transcription using ICG-001
suppressed intrinsic growth of RT4-derived organoids
and CHIR-induced growth of 5637-derived organoids
(Supplementary Figure 7). The ATP value correlated with
the area of organoids (Supplementary Figure 8). On the
other hand, when β-catenin was overexpressed in 5637, the
growth of the organoids did not change (Supplementary
Figure 9). Taken together, β-catenin was required but not
sufficient for growth of bladder cancer organoids.

CK20 is less expressed over CHIR-induced
proliferation in bladder cancer organoids
Urothelium consists of multilayered urothelial cells
which encompasses spectrum of differentiation status [37].
Among them, basal cells are capable of regenerating all
cell types within the urothelium in response to Wnt/βcatenin signaling in a bladder injury model in mice [17].
Basal cells also could give rise to muscle invasive cancer
accompanied by transition of their differentiation status
in carcinogen-induced bladder cancer in mice [18, 38].
Stimulatory factors possibly derived from stromal cells
which could enhance urothelial differentiation restrained
bladder cancer progression [39]. Therefore, we examined
the differentiation status of bladder cancer organoids
over CHIR-induced growth. qPCR revealed that luminal
markers, CK20 and CK18, were expressed more in RT4
than 5637, while basal markers, CK14 and CK5, were
more in 5637 than RT4 (Figure 5A). The result was in line
with the finding that RT4 and 5637 were luminal and basal
phenotypes, respectively [32]. CK20, CK18, and CK14
were significantly less expressed in CHIR-treated RT4derived organoids than DMSO-treated controls, while all
4 genes examined remained unchanged in 5637-derived
organoids (Figure 5A). Western blotting analysis also

β-catenin is required for growth of bladder
cancer organoids
Since a small molecule like CHIR can have offtarget effects, we adopted gene silencing approach
against β-catenin to clarify more specifically whether
Wnt/β-catenin pathway is involved in proliferation
of bladder cancer cells. Western blotting confirmed
efficient knockdown of β-catenin in RT4 and 5637 after
transfection of the siRNAs (Figure 4A, 4D). Knockdown
of β-catenin had a slight effect on proliferation of RT4
and 5637 in adherent culture (Supplementary Figure 6).
Since 5637-derived organoids did not grow without
CHIR, we evaluated the effect of β-catenin on intrinsic
growth in RT4-derived organoids. Growth of β-cateninknockdowned RT4-derived organoids was significantly
less than that of control organoids (Figure 4B, 4C). We
also examined whether β-catenin was required in CHIRinduced growth of organoids. Growth of β-cateninsilenced 5637-derived organoids was significantly smaller
than that of control organoids with CHIR treatment

Figure 2: CHIR activates Wnt/β-catenin pathway in bladder cancer cell line-derived organoids. (A) Bar graphs show

the relative gene expression of AXIN2 by qRT-PCR in RT4- and 5637-derived organoids treated for 72 hours with DMSO or CHIR of
5 and 2.5 µM for RT4 and 5637, respectively. GAPDH was used as a reference gene, and relative expression was calculated by the 2
ΔΔCT method. **P ≤ 0.01. (B) Western blot analysis shows protein levels of β-catenin, FOXA1, and GAPDH in RT4- and 5637-derived
organoids. Organoids were treated for 24 hours with DMSO or CHIR of 5 and 2.5 µM for RT4 and 5637, respectively. Cytoplasmic and
nuclear proteins were separated and analyzed. GAPDH and FOXA1 were used as a loading control for cytoplasmic and nuclear protein,
respectively.
www.impactjournals.com/oncotarget
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showed that CK20 was detectable in RT4 but not in 5637,
and CK5 was in 5637 but not in RT4 (Figure 5B). CK20
was expressed at lower levels at the protein level in CHIRtreated RT4-derived organoids as compared to DMSOtreated controls (Figure 5B). qPCR revealed that CK20
was expressed at lower levels in CHIR-treated primary
organoids as well (Figure 5C, 5D). Collectively, lower
expression of CK20 was consistently observed in CHIRtreated bladder cancer organoids than in DMSO-treated
controls.

with activation of Wnt/β-catenin pathway. Furthermore,
β-catenin was shown to be required for growth of bladder
cancer organoids. Lastly, CK20, which is a marker for
terminal differentiation, was downregulated in CHIRtreated organoids as compared to DMSO controls.
Experimental findings must be interpreted with
caution when the effect of an inhibitor is evaluated
on proliferation of cancer cells in vitro, because, as we
demonstrated, cancer cells can completely change their
responses to a drug when they are cultured as organoids.
For example, CHIR was reported to attenuate proliferation
and induce apoptosis of cancer cells in adherent culture as
a possible therapeutic agent [40–42]. However, given the
fact that we observed diverse findings of bladder cancer
cell lines to CHIR between adherent and organoid culture
as it related to proliferation, all experimental results
evaluating the effect of CHIR on cell viability should be
studied in both culture conditions.
Further characterization of what makes organoids
more responsive to Wnt/β-catenin pathway in bladder
cancer cell lines is warranted. We previously reported
that bladder cancer cells in organoid culture increased the

DISCUSSION
In the present study, we showed that bladder cancer
cell lines exhibited different responses to the Wnt/βcatenin pathway activator CHIR depending on the culture
condition. CHIR had a negative effect on proliferation of
bladder cancer cell lines in adherent culture but increased
proliferation in organoid culture, although activation of
the Wnt/β-catenin pathway was observed in both culture
conditions. CHIR could also enhance proliferation of
primary human bladder cancer cells in organoid culture

Figure 3: CHIR enhances proliferation of primary bladder cancer cells in organoid culture with activation of Wnt/βcatenin pathway. (A) Representative images of primary cell organoids (BCa #01) at day 1 and day 6 treated with DMSO or CHIR of
10 µM. Scale bar, 100 µm. (B) Relative growth of organoids from 4 patient samples was calculated by dividing area at day 6 by that at day
1, and depicted in the plot. (C) Relative viability of organoids from 2 patient samples was measured by dividing the amount of ATP at day
6 by the area of organoid at day 1, and depicted in the plot. Each dot represents relative growth or viability of one organoid. (D) Bar graphs
show the relative gene expression of AXIN2 by qRT-PCR in primary cell organoids (BCa #04) treated with DMSO or CHIR of 10 µM for
96 hours. GAPDH was used as a reference gene, and relative expression was calculated by the 2 ΔΔCT method. (E) A bar graph shows
the relative gene expression of AXIN2 by qRT-PCR in primary cell organoids of 3 pooled patient samples (BCa #02, #03, #04). The result
was normalized to the expression of DMSO-treated organoids.*P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001. (F) The expression and
subcellular localization of β-catenin in primary cell organoids (BCa #04) treated with DMSO or 10 µM CHIR for 72 hours was detected
by immunofluorescence staining. Nuclei and actin fibers were counterstained with DAPI and ActinRed, respectively. Scale bar 20 µm.
www.impactjournals.com/oncotarget

11064

Oncotarget

amount of ∆Np63α protein [29], which positively controls
basal cell gene signature in bladder cancer cells [7]. Basal
cells were the main targets for upregulation of the Wnt/βcatenin pathway in a bladder injury model in mice [17].
Thus, we hypothesized that basal cell program would be
induced in organoid culture compared to adherent culture.
However, when we examined mRNA expression of CK14
and CK5 by qPCR, they were more upregulated in 5637
in organoid culture than in adherent culture, but not in
RT4 (data not shown). Further investigation is required
to clarify the mechanism underlying different response to
CHIR in organoid culture.
We observed that CK20, which is a marker for
terminal differentiation and expressed in the inner most
layer of urothelium [37], was expressed at lower levels in
CHIR-stimulated organoids of bladder cancer as compared
with controls. Bladder cancer consists of heterogeneous
populations that include a small subset of cells, which are
more tumorigenic and marked by stem and basal cell markers,
and the rest of the cells, which are less tumorigenic and
express higher levels of differentiation markers [38, 43, 44].
Indeed, CK20-expressing cells were heterogeneously
observed in RT4-derived organoids (data not shown).

Interestingly, Wnt/β-catenin signaling was enriched more
in basal-like cancer cells within a tumor [43]. In addition,
cells expressing basal markers are progenitor cells in ex vivo
urothelial cell culture [17, 18]. Considering those findings,
CHIR would stimulate proliferation of basal-like cancer cells
within an organoid, which would lead to less expression
of CK20. Alternatively, there is still possibility that CHIR
could transform luminal-like cancer cells into basal-like ones
expressing less CK20. Basal markers examined remained
unchanged in CHIR-treated organoids of bladder cancer.
At a protein level, the amount of CK5 did not change
in 5637-derived organoids with the treatment of CHIR.
Since immunohistochemistry showed that CK5 expressed
homogeneously in cells of 5637-derived organoids (data
not shown), it is still unclear whether only basal-like cells
can proliferate in response to CHIR. Additional studies are
necessary to delineate heterogeneity of bladder cancer cells
with regard to response to the Wnt/β-catenin pathway.
In the present study, we have shown that β-catenin
was necessary but not sufficient for growth of bladder
cancer organoids, although CHIR could enhance growth
of bladder cancer organoids with increased expression
of β-catenin. CHIR is a GSK3 inhibitor and GSK3 can

Figure 4: β-catenin is required for growth of bladder cancer organoids. (A, D) Western blot of β-catenin in RT4 and

5637 transiently transfected with siRNAs against β-catenin. Protein was extracted 48 hours after transfection. GAPDH was used as a
loading control. NC, negative control. (B) RT4 was transiently transfected with siRNAs and used to generate organoids. Images show
representative RT4-derived organoids after transfection at day 1 and 6. Scale bar, 100 µm. (C) Relative growth of RT4-derived organoids
after transfection was quantified and plotted. (E) 5637 was transiently transfected with siRNAs and used to generate organoids. The
organoids were subsequently treated with 2.5 µM of CHIR. Images show representative 5637-derived organoids after transfection and
treatment at day 1 and 5. Scale bar, 100 µm. (F) Relative growth of 5637-derived organoids after transfection and treatment was quantified
and plotted. Each dot represents relative growth of one organoid. **P ≤ 0.01. ***P ≤ 0.001. ****P ≤ 0.0001.
www.impactjournals.com/oncotarget
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interact with not only Wnt/β-catenin pathway but also other
pathways like Notch signaling pathway [45]. For example,
CHIR upregulates both β-catenin and Notch3 proteins in
non-small lung cancer cell lines [46], although functional
relevance of Notch3 in bladder cancer is unknown
compared to Notch1 and Notch2 [47]. Other signaling
pathways than Wnt/β-catenin pathway will be also involved
in CHIR-induced growth of bladder cancer organoids.
Wnt/β-catenin pathway was reported to be required
for the proliferation of normal urothelial cells during
repair after injury in mice [17, 18]. The pathway is also
indispensable in urothelial explant tissue growth [18].
Considering that a signaling pathway in normal tissue can
be commonly observed in cancer cells, our results suggest
that CHIR also might be able to enhance proliferation of
normal urothelial cells.
One of the limitations of the present study is that
the cancer cells used in this study were mostly derived
from early stage of bladder cancer. RT4 and 5637
retain epithelial characteristics and are considered less
aggressive than mesenchymal phenotypes. Besides, the
method used to prepare primary organoids is difficult to
apply for muscle-invasive cancer. Thus, additional studies

are needed to evaluate the role of Wnt/β-catenin pathway
in proliferation of more aggressive bladder cancer cells.
Furthermore, the mechanisms underlying different
responses to CHIR between organoid and adherent culture
are still elusive. We are currently designing a series of
experiments to perform transcriptome analysis for more
comprehensive understanding of their phenotypic change
between culture conditions. It is also intriguing to examine
involvement of Wnt/β-catenin signaling in bladder cancer
cells in in vivo experiments. We hypothesize that Wnt
ligands could come from microenvironment surrounding
cancer cells in a paracrine manner in bladder tumor,
because sequencing studies in patient specimens was not
supportive for occurrence of activating somatic alterations
in the pathway [10], and Wnt ligands could be released
from a stromal compartment in a bladder injury model in
mice [17]. We are planning to perform in vivo experiments
using an appropriate model based on our hypothesis to
further understand a role of Wnt/β-catenin pathway in
bladder tumor.
In conclusion, we showed for the first time that Wnt/
β-catenin pathway was directly involved in proliferation
of bladder cancer cells by using organoid culture, which

Figure 5: CK20 is less expressed in CHIR-stimulated bladder cancer organoids. (A) qRT-PCR shows mRNA expression of

luminal markers (CK20, CK18) and basal markers (CK14, CK5) in RT4- and 5637-derived organoids treated with DMSO or CHIR for
72 hours. GAPDH was used as a reference gene. (B) Western blot analysis demonstrates protein levels of CK20 and CK5 in RT4- and
5637-derived organoids. Organoids were treated for 72 hours with DMSO or CHIR of 5 and 2.5 µM for RT4 and 5637, respectively.
GAPDH was used as a loading control. (C) Bar graphs show the relative gene expression of CK20, CK18, CK14, and CK5 by qRT-PCR in
primary cell organoids (BCa #04) treated with DMSO or CHIR of 10 µM for 96 hours. GAPDH was used as a reference gene, and relative
expression was calculated by the 2 ΔΔCT method. (D) Bar graphs show the relative gene expression of CK20, CK18, CK14, and CK5 by
qRT-PCR in primary cell organoids of 3 pooled patient samples (BCa #02, #03, #04). The results were normalized to the expression of
DMSO-treated organoids. *P ≤ 0.05. **P ≤ 0.01. ***P ≤ 0.001.
www.impactjournals.com/oncotarget
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could not be found in conventional adherent culture.
Different responses of cancer cells to CHIR between
organoid and adherent culture underscores importance of
organoid culture for drug screening in vitro. The Wnt/βcatenin pathway may be a potential target for the treatment
of a subset of bladder cancer.

Assay (Promega) and FLUOstar OPTIMA (BMG Labtech)
according to manufactures’ protocols. Following this, dose
response curves of CHIR were depicted using GraphPad
Prism 7 (GraphPad Sofrware, San Diego, CA, US) with
non-linear (curve fit) regression algorithms.
To measure growth and viability in organoid
cultures, organoids were incubated with DMSO or CHIR
in 96-well plates for 6 days. Images of organoids were
collected under a microscope at days 1 and 6, and the areas
occupied by the organoids were measured using Image J
software (National Institutes of Health, Bethesda, MD).
Relative growth rates were calculated by dividing the area
of organoids at day 6 by that at day 1. For viability assays,
ATP levels at day 6 were measured as described above.
For viability assay of primary organoids, ATP value at day
6 was corrected for the organoid area at day 1, since it was
difficult to precisely collect the same size of primary cell
organoids at day 1 and the area of organoids correlates
with the ATP value [49].

MATERIALS AND METHODS
Ethics statement
The institutional review board at the Johns Hopkins
School of Medicine approved the protocol for the research
use of human bladder cancer specimens surgically resected
from patients. Patients gave written informed consent for
their use. All samples used in the study were collected
from patients treated at the Department of Urology, the
Johns Hopkins Hospital.

Cells and cell culture

Western blotting

Bladder cancer cell lines, RT4 and 5637 were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) in November 2015. Cell
lines were tested and authenticated by short tandem
repeat analysis by the ATCC. Cells were cultured at 37° C
under 5% CO2 in RPMI 1640. Organoids from cell lines
were prepared by an aggregation-based method [29, 48].
Briefly, 2 × 105 or 1000 cells (respectively) were seeded
in 6- or 96-well plates coated with poly-2-hydroxyethyl
methacrylate (Sigma). Organoids were formed 24 hours
after seeding and used in further experiments. Organoids of
primary bladder cancer cells were prepared according to the
cancer tissue-originated spheroid (CTOS) method [34–36].
Briefly, surgically resected samples were mechanically
dissociated and partially digested with liberase DH (Roche
Applied Science, Mannheim, Germany). Clusters of cells
were collected and cultured in DMEM/F-12 GlutaMAX
with bovine serum albumin and 2-mercaptoethanol, which
were supplied with StemPro hESC human embryonic stem
cell culture medium (Invitrogen, Carlsbad, CA, USA).
All bladder tumor samples were confirmed as urothelial
carcinoma by institutional pathologists. CHIR was
purchased from STEMCELL technologies (Vancouver,
Canada), reconstituted in dimethyl sulfoxide (DMSO), and
stored at –20° C. CHIR added to culture medium at the
indicated concentration.

Organoids were lysed with RIPA buffer (SigmaAldrich, St. Louis, MO, USA) with EDTA-free protease
inhibitor cocktail (Roche Applied Science, Mannheim,
Germany). Nuclear and cytosolic protein was fractionated
using Nuclear/Cytosol Fractionation Kit (BioVison).
Subsequently, protein concentration was measured by BCA
Protein Assay Kit (Thermo Fischer Scientific) and western
blotting was performed as previously described [50].
Primary antibodies were used; GAPDH (sc32233, 1:1000,
Santa Cruz Biotechnology, Santa Cruz, CA), β-catenin
(610154, 1:2000, Becton Dickinson, Frankilin Lakes, NJ),
FOXA1 (ab170933, 1:1000, Abcam, Cambridge, MA,
USA), Cytokeratin 20 (CK20) (ab76126, 1:10000, Abcam),
Cytokeratin 5 (CK5) (PRB-160P, 1:1000, Covance).

Quantitative real-time polymerase chain reaction
(qPCR)
Total RNA was extracted from organoids using the
RNeasy system (Qiagen, Hilden, Germany). Real-time qPCR
was performed using the StepOnePlus system (Applied
Biosystems, Foster City, CA, USA) as previously described
[51]. TaqMan gene expression assays for AXIN2, KRT20
(CK20), KRT18 (CK18), KRT14 (CK14), KRT5 (CK5),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
were used. All primers were purchased from Thermo Fischer
Scientific. GAPDH was used for normalization.

Viability assay and growth assay
For viability assay in adherent culture, 3000 and
1500 cells of RT4 and 5637 were seeded in a 96-well
tissue-treated plate in triplicate, respectively. Twentyfour hours after seeding, cells were treated with DMSO
or CHIR for 72 or 144 hours. Cell viability was then
measured using CellTiter-Glo Luminescent Cell Viability
www.impactjournals.com/oncotarget

Immunocytochemistry
For whole-mount immunostaining, organoids
were fixed with 4% paraformaldehyde/PBS at room
temperature for 15 minutes. Organoids were then blocked
and permeabilized with Protein Block Serum-Free Ready11067

Oncotarget

REFERENCES

to-use (DAKO) containing 0.1% Triton X-100 at room
temperature for 15 minutes. Organoids were incubated at
4° C with anti-β-catenin antibody (610154, 1:500, Becton
Dickinson) overnight, then with Alexa-488 conjugated
secondary antibody (Thermo Fischer Scientific) for
1 hour. After counterstaining with DAPI and F-actin probe
(Thermo Fischer Scientific), organoids were mounted
with ProLong Gold Antifade Reagent (Cell Signaling
Technology, Danvers, MA). Images of fluorescent cells
were obtained using a Zeiss Axio Observer microscope
(Carl Zeiss AG, Oberkochen, Germany).

1. Antoni S, Ferlay J, Soerjomataram I, Znaor A, Jemal A,
Bray F. Bladder Cancer Incidence and Mortality: A Global
Overview and Recent Trends. Eur Urol. 2017; 71:96–108.
2. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA
Cancer J Clin. 2017; 67:7–30.
3. Babjuk M, Bohle A, Burger M, Capoun O, Cohen D,
Comperat EM, Hernandez V, Kaasinen E, Palou J, Roupret M,
van Rhijn BW, Shariat SF, Soukup V, et al. EAU Guidelines
on Non-Muscle-invasive Urothelial Carcinoma of the
Bladder: Update 2016. Eur Urol. 2017; 71:447–61.

Small interfering RNA transfection

4. Alfred Witjes J, Lebret T, Comperat EM, Cowan NC, De
Santis M, Bruins HM, Hernandez V, Espinos EL, Dunn J,
Rouanne M, Neuzillet Y, Veskimae E, van der Heijden AG,
et al. Updated 2016 EAU Guidelines on Muscle-invasive
and Metastatic Bladder Cancer. Eur Urol. 2017; 71:462–75.

For silencing CTNNB1, siRNAs for CTNNB1 or a
scrambled siRNA control were purchased from Integrated
DNA Technology (Coralville, IA, USA). Cell lines were
transfected using Lipofectamine 2000 (Thermo Fisher
Scientific) according to manufacture’s protocol. Efficiency
of knockdown was tested by western blotting 48 hours
after transfection. Transfected cells were subjected to
proliferation assay, generation of organoids, and growth
assay 48 hours after transfection.

5. Knowles MA, Hurst CD. Molecular biology of bladder
cancer: new insights into pathogenesis and clinical diversity.
Nat Rev Cancer. 2015; 15:25–41.
6. Damrauer JS, Hoadley KA, Chism DD, Fan C, Tiganelli CJ,
Wobker SE, Yeh JJ, Milowsky MI, Iyer G, Parker JS,
Kim WY. Intrinsic subtypes of high-grade bladder cancer
reflect the hallmarks of breast cancer biology. Proc Natl
Acad Sci U S A. 2014; 111:3110–5.

Statistical analysis
Statistical analysis was conducted using GraphPad
Prism 7 (GraphPad Software, San Diego, CA, USA).
Differences among multiple groups were compared by
analysis of variance (ANOVA) followed by a Tukey’s
multiple comparisons test. Two-group analysis was
performed by unpaired t-test. A value of p < 0.05 was
considered statistically significant.

7. Choi W, Porten S, Kim S, Willis D, Plimack ER, HoffmanCensits J, Roth B, Cheng T, Tran M, Lee IL, Melquist J,
Bondaruk J, Majewski T, et al. Identification of distinct
basal and luminal subtypes of muscle-invasive bladder
cancer with different sensitivities to frontline chemotherapy.
Cancer Cell. 2014; 25:152–65.
8. Sjödahl G, Lauss M, Lövgren K, Chebil G, Gudjonsson S,
Veerla S, Patschan O, Aine M, Fernö M, Ringnér M,
Månsson W, Liedberg F, Lindgren D, et al. A molecular
taxonomy for urothelial carcinoma. Clin Cancer Res. 2012;
18:3377–86.

ACKNOWLEDGMENTS
We would like to thank Dr. Masahiro Inoue
(Department of Biochemistry, Osaka International Cancer
Institute) for his intellectual contributions to this study.

9. Hedegaard J, Lamy P, Nordentoft I, Algaba F, Høyer S,
Ulhøi BP, Vang S, Reinert T, Hermann GG, Mogensen K,
Thomsen MB, Nielsen MM, Marquez M, et al.
Comprehensive Transcriptional Analysis of Early-Stage
Urothelial Carcinoma. Cancer Cell. 2016; 30:27–42.

CONFLICTS OF INTEREST
The authors have no conflicts of interest.

10. Robertson AG, Kim J, Al-Ahmadie H, Bellmunt J, Guo G,
Cherniack AD, Hinoue T, Laird PW, Hoadley KA, Akbani R,
Castro MA, Gibb EA, Kanchi RS, et al. Comprehensive
Molecular Characterization of Muscle-Invasive Bladder
Cancer. Cell. 2017; 171:540–556.

FUNDING
The Greenberg Bladder Cancer Institute Research
Grant and the Urology Care Foundation.

11. Arwert EN, Hoste E, Watt FM. Epithelial stem cells, wound
healing and cancer. Nat Rev Cancer. 2012; 12:170–80.

Editorial note

12. Schäfer M, Werner S. Cancer as an overhealing wound:
an old hypothesis revisited. Nat Rev Mol Cell Biol. 2008;
9:628–38.

This paper has been accepted based in part on peerreview conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.
www.impactjournals.com/oncotarget

13. Kreso A, Dick JE. Evolution of the cancer stem cell model.
Cell Stem Cell. 2014; 14:275–91.
11068

Oncotarget

14. Plaks V, Kong N, Werb Z. The cancer stem cell niche: how
essential is the niche in regulating stemness of tumor cells?
Cell Stem Cell. 2015; 16:225–38.

28. Luca AC, Mersch S, Deenen R, Schmidt S, Messner I,
Schäfer KL, Baldus SE, Huckenbeck W, Piekorz RP,
Knoefel WT, Krieg A, Stoecklein NH. Impact of the 3D
microenvironment on phenotype, gene expression, and
EGFR inhibition of colorectal cancer cell lines. PLoS One.
2013; 8:e59689.

15. MacDonald BT, Tamai K, He X. Wnt/beta-catenin
signaling: components, mechanisms, and diseases. Dev
Cell. 2009; 17:9–26.

29. Yoshida T, Okuyama H, Nakayama M, Endo H, Tomita Y,
Nonomura N, Nishimura K, Inoue M. Dynamic Change in
p63 Protein Expression during Implantation of Urothelial
Cancer Clusters. Neoplasia. 2015; 17:574–85.

16. Clevers H. Wnt/beta-catenin signaling in development and
disease. Cell. 2006; 127:469–80.
17. Shin K, Lee J, Guo N, Kim J, Lim A, Qu L, Mysorekar IU,
Beachy PA. Hedgehog/Wnt feedback supports regenerative
proliferation of epithelial stem cells in bladder. Nature.
2011; 472:110–4.

30. Anastas JN, Moon RT. WNT signalling pathways as
therapeutic targets in cancer. Nat Rev Cancer. 2013;
13:11–26.

18. Papafotiou G, Paraskevopoulou V, Vasilaki E, Kanaki Z,
Paschalidis N, Klinakis A. KRT14 marks a subpopulation
of bladder basal cells with pivotal role in regeneration and
tumorigenesis. Nat Commun. 2016; 7:11914.

31. Narcisi R, Arikan OH, Lehmann J, Ten Berge D, van
Osch GJ. Differential Effects of Small Molecule WNT
Agonists on the Multilineage Differentiation Capacity of
Human Mesenchymal Stem Cells. Tissue Eng Part A. 2016;
22:1264–73.

19. Ahmad I, Morton JP, Singh LB, Radulescu SM, Ridgway RA,
Patel S, Woodgett J, Winton DJ, Taketo MM, Wu XR,
Leung HY, Sansom OJ. β-Catenin activation synergizes
with PTEN loss to cause bladder cancer formation.
Oncogene. 2011; 30:178–89.

32. Warrick JI, Walter V, Yamashita H, Chung E, Shuman L,
Amponsa VO, Zheng Z, Chan W, Whitcomb TL, Yue F,
Iyyanki T, Kawasawa YI, Kaag M, et al. FOXA1, GATA3
and PPARɣ Cooperate to Drive Luminal Subtype in Bladder
Cancer: A Molecular Analysis of Established Human Cell
Lines. Sci Rep. 2016; 6:38531.

20. Li Y, Zheng Y, Izumi K, Ishiguro H, Ye B, Li F, Miyamoto H.
Androgen activates β-catenin signaling in bladder cancer
cells. Endocr Relat Cancer. 2013; 20:293–304.

33. Gillet JP, Varma S, Gottesman MM. The clinical relevance
of cancer cell lines. J Natl Cancer Inst. 2013; 105:452–8.

21. Du HF, Ou LP, Lv CK, Yang X, Song XD, Fan YR, Wu XH,
Luo CL. Expression of hepaCAM inhibits bladder cancer
cell proliferation via a Wnt/β-catenin-dependent pathway
in vitro and in vivo. Cancer Biol Ther. 2015; 16:1502–13.

34. Okuyama H, Yoshida T, Endo H, Nakayama M, Nonomura N,
Nishimura K. Involvement of heregulin/HER3 in the
primary culture of human urothelial cancer. J Urol. 2013;
190:302–10.

22. Schmid SC, Sathe A, Guerth F, Seitz AK, Heck MM,
Maurer T, Schwarzenböck SM, Krause BJ, Schulz WA,
Stoehr R, Gschwend JE, Retz M; German Bladder Cancer
Network, et al. Wntless promotes bladder cancer growth
and acts synergistically as a molecular target in combination
with cisplatin. Urol Oncol. 2017; 35:544.e1–544.e10.

35. Yoshida T, Okuyama H, Nakayama M, Endo H, Nonomura N,
Nishimura K, Inoue M. High-dose chemotherapeutics of
intravesical chemotherapy rapidly induce mitochondrial
dysfunction in bladder cancer-derived spheroids. Cancer
Sci. 2015; 106:69–77.

23. Chen Z, Zhou L, Wang L, Kazobinka G, Zhang X, Han X,
Li B, Hou T. HBO1 promotes cell proliferation in bladder
cancer via activation of Wnt/beta-catenin signaling. Mol
Carcinog. 2018; 57:12–21.

36. Yoshida T, Okuyama H, Endo H, Inoue M. Spheroid
Cultures of Primary Urothelial Cancer Cells: Cancer TissueOriginated Spheroid (CTOS) Method. Methods Mol Biol.
2018; 1655:145–53.

24. Sharma SV, Haber DA, Settleman J. Cell line-based
platforms to evaluate the therapeutic efficacy of candidate
anticancer agents. Nat Rev Cancer. 2010; 10:241–53.

37. Kobayashi T, Owczarek TB, McKiernan JM, Abate-Shen C.
Modelling bladder cancer in mice: opportunities and
challenges. Nat Rev Cancer. 2015; 15:42–54.

25. Yamada KM, Cukierman E. Modeling tissue morphogenesis
and cancer in 3D. Cell. 2007; 130:601–10.

38. Shin K, Lim A, Odegaard JI, Honeycutt JD, Kawano S,
Hsieh MH, Beachy PA. Cellular origin of bladder neoplasia
and tissue dynamics of its progression to invasive
carcinoma. Nat Cell Biol. 2014; 16:469–78.

26. Lee JM, Mhawech-Fauceglia P, Lee N, Parsanian LC,
Lin YG, Gayther SA, Lawrenson K. A three-dimensional
microenvironment alters protein expression and
chemosensitivity of epithelial ovarian cancer cells in vitro.
Lab Invest. 2013; 93:528–42.

39. Shin K, Lim A, Zhao C, Sahoo D, Pan Y, Spiekerkoetter E,
Liao JC, Beachy PA. Hedgehog signaling restrains bladder
cancer progression by eliciting stromal production of
urothelial differentiation factors. Cancer Cell. 2014;
26:521–33.

27. Härmä V, Virtanen J, Mäkelä R, Happonen A, Mpindi JP,
Knuuttila M, Kohonen P, Lötjönen J, Kallioniemi O, Nees M.
A comprehensive panel of three-dimensional models
for studies of prostate cancer growth, invasion and drug
responses. PLoS One. 2010; 5:e10431.
www.impactjournals.com/oncotarget

40. Darrington RS, Campa VM, Walker MM, BengoaVergniory N, Gorrono-Etxebarria I, Uysal-Onganer P,
Kawano Y, Waxman J, Kypta RM. Distinct expression and
11069

Oncotarget

activity of GSK-3α and GSK-3β in prostate cancer. Int J
Cancer. 2012; 131:E87–83.

47. Hayashi T, Gust KM, Wyatt AW, Goriki A, Jäger W, Awrey S,
Li N, Oo HZ, Altamirano-Dimas M, Buttyan R, Fazli L,
Matsubara A, Black PC. Not all NOTCH Is Created Equal:
The Oncogenic Role of NOTCH2 in Bladder Cancer and Its
Implications for Targeted Therapy. Clin Cancer Res. 2016;
22:2981–92.

41. Zimmerman ZF, Kulikauskas RM, Bomsztyk K, Moon RT,
Chien AJ. Activation of Wnt/β-catenin signaling increases
apoptosis in melanoma cells treated with trail. PLoS One.
2013; 8:e69593.

48. Ivascu A, Kubbies M. Rapid generation of single-tumor
spheroids for high-throughput cell function and toxicity
analysis. J Biomol Screen. 2006; 11:922–32.

42. Marchand B, Tremblay I, Cagnol S, Boucher MJ. Inhibition
of glycogen synthase kinase-3 activity triggers an apoptotic
response in pancreatic cancer cells through JNK-dependent
mechanisms. Carcinogenesis. 2012; 33:529–37.

49. Endo H, Okami J, Okuyama H, Kumagai T, Uchida J,
Kondo J, Takehara T, Nishizawa Y, Imamura F,
Higashiyama M, Inoue M. Spheroid culture of primary lung
cancer cells with neuregulin 1/HER3 pathway activation.
J Thorac Oncol. 2013; 8:131–9.

43. He X, Marchionni L, Hansel DE, Yu W, Sood A, Yang J,
Parmigiani G, Matsui W, Berman DM. Differentiation of
a highly tumorigenic basal cell compartment in urothelial
carcinoma. Stem Cells. 2009; 27:1487–95.

50. Yoshida T, Kates M, Sopko NA, Liu X, Singh AK, Bishai WR,
Joice G, McConkey DJ, Bivalacqua TJ. Ex vivo culture
of tumor cells from N-methyl-N-nitrosourea-induced
bladder cancer in rats: Development of organoids
and an immortalized cell line. Urol Oncol. 2017. pii:
S1078-143930618-X.

44. Yang Z, He L, Lin K, Zhang Y, Deng A, Liang Y, Li C,
Wen T. The KMT1A-GATA3-STAT3 circuit is a novel selfrenewal signaling of human bladder cancer stem cells. Clin
Cancer Res. 2017; 23:6673–6685.
45. McCubrey JA, Steelman LS, Bertrand FE, Davis NM,
Sokolosky M, Abrams SL, Montalto G, D'Assoro AB,
Libra M, Nicoletti F, Maestro R, Basecke J, Rakus D,
et al. GSK-3 as potential target for therapeutic intervention
in cancer. Oncotarget. 2014; 5:2881–911. https://doi.
org/10.18632/oncotarget.2037.

51. Matsui H, Sopko NA, Hannan JL, Reinhardt AA, Kates M,
Yoshida T, Liu X, Castiglione F, Hedlund P, Weyne E,
Albersen M, Bivalacqua TJ. M1 Macrophages Are
Predominantly Recruited to the Major Pelvic Ganglion of
the Rat Following Cavernous Nerve Injury. J Sex Med.
2017; 14:187–95.

46. Li C, Zhang S, Lu Y, Zhang Y, Wang E, Cui Z. The roles of
Notch3 on the cell proliferation and apoptosis induced by
CHIR99021 in NSCLC cell lines: a functional link between
Wnt and Notch signaling pathways. PLoS One. 2013;
8:e84659.

www.impactjournals.com/oncotarget

11070

Oncotarget

